Abstract: Most laboratory evolution studies that characterize evolutionary adaptation genomically focus on genetically simple traits that can be altered by one or few mutations. Such traits are important, but they are few compared with complex, polygenic traits influenced by many genes. We know much less about complex traits, and about the changes that occur in the genome and in gene expression during their evolutionary adaptation. Salt stress tolerance is such a trait. It is especially attractive for evolutionary studies, because the physiological response to salt stress is well-characterized on the molecular and transcriptome level. This provides a unique opportunity to compare evolutionary adaptation and physiological adaptation to salt stress. The yeast Saccharomyces cerevisiae is a good model system to study salt stress tolerance, because it contains several highly conserved pathways that mediate the salt stress response. We evolved three replicate lines of yeast under continuous salt (NaCl) stress for 300 generations. All three lines evolved faster growth rate in high salt conditions than their ancestor. In these lines, we studied gene expression changes through microarray analysis and genetic changes through next generation population sequencing. We found two principal kinds of gene expression changes, changes in basal expression (82 genes) and changes in regulation (62 genes). The genes that change their expression involve several well-known physiological stress-response genes, including CTT1, MSN4 and HLR1. Next generation sequencing revealed only one high-frequency single-nucleotide change, in the gene MOT2, that caused increased fitness when introduced into the ancestral strain. Analysis of DNA content per cell revealed ploidy increases in all the three lines. Our observations suggest that evolutionary adaptation of yeast to salt stress is associated with genome size increase and modest expression changes in several genes. Title: Adaptation of Saccharomyces cerevisiae to saline stress through laboratory 6 evolution 7 8 9 10
Most laboratory evolution studies that characterize evolutionary adaptation genomically 36 focus on genetically simple traits that can be altered by one or few mutations. Such 37 traits are important, but they are few compared to complex, polygenic traits influenced 38 by many genes. We know much less about complex traits, and about the changes that 39 occur in the genome and in gene expression during their evolutionary adaptation. Salt 40 stress tolerance is such a trait. It is especially attractive for evolutionary studies, 41 because the physiological response to salt stress is well-characterized on the molecular 42 and transcriptome level. This provides a unique opportunity to compare evolutionary 43 adaptation and physiological adaptation to salt stress. The yeast Saccharomyces 44
Introduction

69
The ability to characterize the changes that occur during evolutionary adaptation on a 70 genome-wide scale has been a boon for the field of laboratory evolution. Most published 71 studies focus on traits with a simple basis, where changes of major effects in one or few 72 changes can alter a trait during laboratory evolution experiments (Ferea et al., 1999; 73 Blanc & Adams, 2003; Velicer et al., 2006; Stanek et al., 2009) . Such traits are 74 important, but they are in the minority. The vast majority of traits have a complex, 75 polygenic basis (refs. Benfey, Genomics textbook). We know much less about how 76 genomic change and change in gene expression occurs in such polygenic traits. Our 77 study is a step towards answering this question. We here focus on a prototypical 78 polygenic trait, an organism's response to high concentrations of salt in its environment.
79
The physiological response of an organism to such salt stress is well-studied on the 80 molecular and the transcriptome levels ). This fact provides another important motivation to 82 study the salt stress response in an evolutionary context. It allows us to ask whether 83 evolutionary adaptation to salt stress is similar to physiological adaptation, using a 84 genome-scale approach that relies on transcriptome changes in response to salt stress.
85
Environmental fluctuations and stressors constantly challenge organisms in 86 the wild. Organisms thus use cellular mechanisms to adapt to and to survive 87 environmental fluctuations. Hyperosmotic stress is one prominent environmental 88 stressor, where a cell experiences higher solute concentration outside the cell than 89
inside. This causes water loss from the cell, resulting in a higher intracellular 90 concentration of ions and metabolites, and eventual arrest of cellular activity.
91
Hyperosmotic stress is caused by high concentrations of sugar or salt, e.g., sodium 92 chloride (NaCl which is a high salt medium that exposes cells to high osmolarity stress. We refer to 180 these lines as S lines (S1, S2 and S3). As a control, we also carried out three replicates 181 where the growth medium did not contain NaCl (lines C1,C2 and C3). 182 183
Evolutionary adaptation to NaCl 184
Before embarking on our experiments, we asked whether NaCl affects the fitness of our 185 ancestral strain. Only in this case would we expect that NaCl exerts a selection 186 pressure to which the strain can adapt. Fitness has two main components in our 187 experiments. These are viability on the one hand, and growth or cell division rate on the 188 other hand. We found that osmotic stress does not affect viability of the ancestral strain 189 significantly ( Figure 1a ). Not surprisingly then, viability does not increase over the 190 course of our experiment for lines evolved on NaCl ( Figure 1b ) and for lines evolved 191 without NaCl (Figure 1c ).
192
In contrast to viability, population growth rate is affected by salt stress, as 193 shown in supplementary figure 1. The figure indicates that the ancestral strain grows 194 significantly more slowly in medium containing NaCl. Thus, the fitness of the ancestral 195 strain is lower in salt compared to that of the ancestral strain in medium without any salt.
196
Having established that NaCl does affect the fitness of the ancestral strain through its 197 growth rate, we asked if the growth rate and thus, relative fitness w (see Methods) of 198 three salt evolved lines have increased after 300 generations of evolution ( Figure 2a ).
199
Fitness increased significantly relative to the ancestral strain, such that the final evolved 200 lines had a relative population mean fitness between w=1.11 and w=1.17, which 201 corresponds to a decrease in the average cell doubling time between 8.2% and 12.3% 202 relative to the ancestral strain (see Methods).
203
Since our high salt medium is a complex medium, it is likely that part of the 204 evolutionary response we observe also reflects adaptation to medium components 205 different from NaCl. To ask whether this is the case, we also measured the relative 206 fitness of the three S lines in the control medium (without NaCl). Not surprisingly, the 207 fitness in this medium had also increased (Figure 2b ) relative to the ancestral strain, 208 which suggests that at least part of the evolutionary adaptation we see is not specific to 209
NaCl as a stressor. However, two lines of evidence show that a substantial fraction of 210 the fitness increase is specific to NaCl. The first is that the fitness increase, when 211 measured in the absence of NaCl, appears much lower than when measured in the 212 presence of NaCl (Figures 2a and 2b )(t-test, p<0.0001 for S1, S2 and S3). The second 213 line of evidence is provided by our three control lines that had evolved without the 214 addition of NaCl to the medium. Figure 2a shows that in every single line the fitness 215 increase, when measured in medium with NaCl, is consistently and significantly lower 216 than for the lines that had evolved in NaCl (t-test, p<0.0001 for comparisons between 217 S1 & C1, S2 & C2 and S3 & C3). Specifically, the increase in relative fitness w was at 218 least 54 percent higher in the lines evolved in NaCl compared to the lines evolved 219 without NaCl. In sum, a significant and substantial part of the evolutionary adaptation 220 6 we observe is due to the selection pressure provided by NaCl. this would also hold for our lines. Thus, we first asked which genes respond to salt in a 229 similar manner in the ancestral strain and in all evolved lines. We will refer to such 230 genes for brevity as shared genes. For all the analyses presented hereon we used all 231 the replicates (see methods).
232
In all, we observed 581 shared genes that were induced in salt and 580 233
shared genes that were repressed in salt with 2-fold expression change (|log 2 (fold 234 change)|≥1, t-test, p-value<0.05, False Discovery Rate <10%). Figure 3a shows a 235 "volcano plot" (-log 10 (p-value) vs log 2 (fold change)) for all the yeast genes in response 236
to NaCl in the S lines and the ancestral strain. Figure 3b shows the extent of expression 237 change in the evolved lines (vertical axis) and in the ancestral strain (horizontal axis) for 238 all genes with similar response to NaCl in the evolved lines and the ancestral strain 239 (|log 2 (fold change)|≥1, t-test, p-value<0.05, False Discovery Rate <10%). The genes we 240 labeled by name in the figure include some known stress response genes (e.g., GPD1, 241 SIP18), some genes whose expression changed substantially (e.g., FMP48, NOG1), 242
and genes in both categories (e.g., GRE1). Many of these shared genes are directly 243 associated with saline stress, hyperosmotic stress, or the general stress response, and 244 were shown to be affected by hyper-osmolarity and salt stress in previous studies of the induced genes, 192 genes were shown to be affected by stress in previous studies; 248 among the 580 shared repressed genes, 56 were affected by stress in previous studies. While an analysis of genes regulated similarly in ancestral and evolved 271 strains is instructive, we were more interested in genes that are expressed differently. 272
These are genes whose expression adapted evolutionarily to salt stress. They can be 273 subdivided into two main categories. The first comprises genes whose regulation has 274 changed in the evolved lines. second category of genes may be especially important, because our selection 278 conditions imposed continuous salt stress. It is thus conceivable that cells whose 279 expression is ancestrally regulated in response to salt stress simply increase or 280 decrease their basal expression to the level of regulated expression in the ancestral 281 strain in the absence of salt. We note that these two categories have multiple 282 subcategories, and there can be genes where both the basal expression and regulation 283 can change. Supplementary figure 3 shows an overview of all possibilities.
284
We distinguished genes in the main categories by calculating two different Z-285 scores for each gene, a Z-score for change in basal expression (Z b ) and a Z-score for 286 change in regulation (Z r ) (see Methods) (Mukhopadhyay et al., 2006) . In this analysis, 287
we considered genes with |Z-score|≥1.5 as differentially expressed. 288 289
Genes whose regulation changes 290
In all, there are 62 genes whose regulation changes during our experiment 291 ( Figure 5a ). As we mentioned above, multiple types of such change are possible. 292
Firstly, a gene's induction in salt can increase. This will occur if the gene is induced 293 more strongly in the evolved lines than the ancestral strain (supplementary figure 3b). 294
Secondly, a gene's induction in salt can become reduced (supplementary figure 3c). 295
Thirdly, a gene's repression in salt can be increased, i.e., the gene becomes repressed 296 to a greater extent in the evolved lines (supplementary figure 3d). Fourth, a gene's 297 repression in salt can be reduced (supplementary figure 3e). Finally, a gene that was 298 not regulated in the ancestral strain can become regulated in response to salt 299 (supplementary figure 3f and g ). Figure 5a plots the extent to which genes changed in 300 their regulation against their Z r scores. Some of the genes with significant changes in 301 the regulation are labeled. Figure 6a and b show the five genes whose induction or 302 repression changed most significantly (based on Z r ). We will discuss some of them 303 further below.
304
There are only four genes in total which showed increased induction in the 305 evolved lines. Among these four genes, two of them (PUT4 and PCL5) also showed 306 decrease in basal expression in the evolved lines. Four further genes showed new 307 induction in the evolved lines. One of them, CUP1-1 (Figure 5a ), has previously been 308 8 observed to be up-regulated in response to osmotic stress (Yale & Bohnert, 2001 significantly different from what would be expected by chance alone for the genes with 348 increase in basal expression (p<0.05,df=17, Chi-square test), and also for the genes 349 with a decrease in basal expression (p<0.001,df=17 are other factors that contribute to the fitness increase of the line S2. In addition, we 395 note that the MOT2 mutation also conferred a substantial fitness increase in the 396 absence of NaCl (Figure 8b) 
Discussion
469
To investigate evolutionary adaptation to long-term osmotic stress, we 470 evolved yeast cells in the laboratory for 300 generations in high salt (NaCl) medium. We 471 observed that salt reduces the growth rate of our ancestral strain by 11 percent. 472
Consequently, the final cell density after 24 hours of growth is approximately 3 times 473 lower compared to cells grown in the same medium but without salt. Our three replicate 474 evolved lines grow approximately 8 to 12 percent faster than the ancestral strain in high 475 salt medium, and part of this increase reflects adaptation specific to salt.
476
We analyzed the gene expression levels in all the evolved lines as well as in 477 the ancestral strain. Although there were many shared genes between the evolved lines 478 and the ancestral strain that respond to salt in similar manner, we also observed 479 multiple differentially expressed genes in the evolved lines compared to the ancestral 480 strain. These differentially expressed genes can be divided into two categories. There are three main physiological components of the salt stress response.
512
They affect adaptation time to salt, growth rate in salt, and efficiency of growth in salt 513 (Warringer et al., 2003) . In our experiments, evolutionary adaptation to salt must affect 514 one or more of these three component, because the viability itself of yeast cells does 515 not change between the ancestral strain and the evolved lines. There are various ways 516 in which these components could change during evolution. Firstly, some of the genes 517 whose basal expression changes might be directly involved in the initial adaptation to 518 salt. Increasing or decreasing the basal expression of those genes to the level needed 519 for salt adaptation, might enable the cells respond to salt much more quickly as 520 opposed to changing their expression state. For example, some ion transporter genes 521 (e.g. FRE5) have an increased basal expression in the evolved lines in our experiment.
522
Higher levels of these transporter proteins at the initial stages of the salt stress 523 response would help cells achieve ion homeostasis much more quickly. Secondly, some 524 of the differentially expressed genes might not be directly related to the salt stress 525 response but encode transcription factors that controls salt stress response genes. For 526 example, the transcription factor MSN4, that controls many stress response genes, has 527 increased basal expression levels in our evolved yeast lines. Higher levels of this 528 13 transcription factor during the initial adaptation phase could ensure faster induction of 529 the genes required for salt stress response. Thirdly, there are genes that show 530 evolutionary change in regulation in the evolved lines. Higher level of induction or 531 repression of these genes might increase the growth rate and/or efficiency of growth in 532 salt medium. 533
We found 16 genes that gained regulation (new induction and new 534 repression) in the evolution experiment, suggesting that new ways of salt stress 535 adaptation could also arise during evolution. However, we also observed loss of 536 regulation, at least to some extent, for five genes (genes with reduced induction and 537 reduced repression) in the evolved lines. Because we performed our evolution 538 experiment under constant environmental stress, losing regulation might be 539 advantageous for evolutionary adaptation to salt stress. If the affected genes are 540 involved in adaptation to multiple stresses, losing regulation could actually be beneficial 541 both under constant or fluctuating environmental stressors. However, if the affected 542 genes are specific for that particular stress, a loss in regulation may also have a cost, 
548
The hyperosmotic and salt stress responses are complex and influenced by 549 many genes.
It is an open question whether a small number of genetic changes with 550 large effects could dramatically increase salt stress resistance, and thus explain the 551 fitness increase in our evolved lines. To find out, we also sequenced the ancestral strain 552 and population samples of the evolved lines using deep sequencing with genome 553 coverages between 10-and 50-fold to identify whether any high frequency 554 polymorphisms arose in the evolved lines during our evolution experiment. For two 555 reasons, we chose deep population sequencing over clone sequencing. First, 556 population sequencing gives a comprehensive view of polymorphisms in a population. 557
Second, it can also permit estimation of polymorphism frequencies, although any such 558 estimate would be more qualitative than quantitative at our sequence coverage. At the 559 very least, population sequencing can detect high frequency polymorphisms. Such 560 polymorphisms are of the greatest interest to us, because they would correspond to 561 adaptive mutations with strong fitness effects that rose to high frequencies. We note 562 that the population sizes in our experiment are so large that no neutral polymorphisms 563 would be expected to rise to high frequencies during the experiment's short duration 564 except through hitchhiking with an advantageous mutation (effective population size in 565 our experiment is >2x10 6 ). (Clone sequencing can detect low frequency polymorphisms, 566 but for a heterogeneous population, this method requires sequencing of many clones, 567 and is thus currently prohibitively costly.) 568
Only one of our evolved lines (S2) contained a high frequency single 569 nucleotide polymorphism (SNP). This SNP occurs in more than 50 percent of the 570 population, and causes an amino acid substitution in the protein encoded by the MOT2 571 gene. When introduced into the ancestral strain, this mutation causes a fitness increase 572 that explains 25.3 percent of the increase in fitness w in the evolved strain. However, 573 the mutation causes a fitness increase also in the absence of salt, which means that its 574 effects do not reflect a specific adaptation to salt.
575
Multiple genetic changes of low population frequency could be present in our 576 evolved lines, and these changes might explain a part of the fitness increase we see. could be clonal interference between multiple beneficial polymorphisms in the 588 population and this might prevent any particular polymorphism from rising to high 589 frequency in the population (Kao & Sherlock, 2008) .
590
Similar to our analysis on SNPs, our analysis on copy number variations, 591 both based on PFGE and next generation sequencing, did not reveal any large scale 592 copy number changes shared across strains. However, we observed ploidy increases in 593 all the evolved lines, and this could be the reason behind increase in cell size of these 594 lines.
595
Evidence from plants suggests that an increase in ploidy and the resultant 596 increase in cell size can be advantageous under salt-stressed conditions. For example, 597 within a species, plants with higher ploidy can cope with salt stress better than plants 598 with lower ploidy (Saleh et al., 2008) . Polyploid plants have higher water content and 599 lower osmotic pressure than diploid plant (Noggle, 1946) . Their increased water content 600 is due to a decrease in the surface-to-volume ratio of cells (Stebbins, 1950) . In addition, 601
any water content decrease due to high salinity is smaller in polyploid plants than that in 602 diploid plants (Tal & Gardi, 1976 the changes in gene expression that we observed in our experiment be caused solely 609 by ploidy changes or by the concomitant increase in cell size? To find out, we compared 610 the set of genes that changed expression in our evolved lines with the set of genes that 611 are known to change expression after cell size increases (Wu et al., 2010) and ploidy 612 changes (Galitski et al., 1999) . Remarkably, only three genes that evolve changed 613 expression in our experiment (out of 144 differentially expressed genes in our dataset) 614 are among the genes affected by cell size increase or ploidy changes. Two of these 615 genes showed increased basal expression in our experiment. One of them, YIL169C, 616 was also observed to be induced with increase in cell size (Wu et al., 2010 at the beginning and at the end of the competition experiment were determined using 712 FACS (supplementary methods) and growth rate differences were estimated as 713 described in supplementary methods. For calculation of fitness, the relative cell 714 numbers at the beginning of the assay were taken into consideration.
716
Whole genome transcriptome analysis 717
The mRNA expression levels in the ancestral strain and in the evolved lines were 718 analyzed using a GeneChip Yeast Genome 2.0 Array (Affymetrix). Equal number of 719 cells from the ancestral strain and the evolved lines were grown in YPG medium for 16 720 hours. The cells were then either induced with 0.5M NaCl or grown uninduced for 20 721 further minutes. The microarray analysis was carried out for 2 replicates each for the 722 ancestral strain in YPG and YPGN (4 in total) and for 4 replicate population samples (1 723 for S1,2 for S2 and 1 for S3) each in YPG and YPGN for the S lines (8 in total).
724
"Shared" genes, genes that respond to NaCl in a similar manner between the ancestral 725 strain and the evolved lines, with significant up-regulation or down-regulation were 726 identified using a t-test at p=0.05, False Discovery Rate(FDR)<10% and |log 2 (fold 727 change)|≥1.
728
Genes with changes in basal expression or change in regulation were 729 identified based on two Z scores Z r and Z b (see supplementary methods). Genes whose 730 absolute Z-scores exceeded a value of 1.5 were considered to be differentially 731 expressed. The differentially expressed genes were then grouped into different classes 732 using the CYGD functional classification for yeast genes (Güldener et al., 2005) . 733 734
Whole Genome Sequencing and SNP identification 735
The ancestral strain, as well as population samples of the NaCl evolved lines at 736 generation 300 were sequenced at approximately 10X coverage using next generation 737 pyrosequencing (Margulies et al., 2005) (genome sequencer FLX LR system, Roche).
738
The line S3 was further sequenced to a total of ~50X coverage. Candidate SNPs and 739 indels were identified using blastn (Altschul et al., 1990) followed by MUSCLE (Edgar,  740 2004) based on the criteria described in supplementary methods. PCR sequencing was 741 done to confirm candidate SNPs and indels. 742 743
Pulsed-field gel electrophoresis (PFGE) 744
To identify large scale chromosomal rearrangements, two clones from each of the 745 evolved lines (S1, S2 and S3) and the ancestral strain were analyzed by PFGE.
746
Agarose plugs were prepared with the CHEF Yeast Genomic DNA Plug Kit (Bio-Rad) 747 according to the manufacturer's protocol. For restriction enzyme digestion, agarose 748 plugs were incubated with NotI restriction enzyme for 16hrs at 37 o C mixture in an 749 appropriate restriction buffer. The digested or undigested plugs were then loaded into 750 the wells of 1% agarose gels. Electrophoresis was carried out in a CHEF-DRIII system 751 (Bio-Rad). The gels were stained using ethidium bromide (EtBr) and photographed. 752 753 Gene Amplification and Deletions from Next Generation Sequencing data 754
In addition to identifying very short indels within individual reads, larger gene 755 duplications and deletions in the evolved lines, compared to the ancestral strain, were 756 identified using read coverage information from the sequencing data. Furthermore, DNA 757 breakpoint analysis was performed to confirm those candidate copy number changes. 758 759
Ploidy determination of the evolved lines 760
To estimate the ploidy level of the evolved lines in comparison to the 761 ancestral strain, the ancestral strain and population samples of the evolved lines were 762 grown for 24 hours at 30 o C. Genomic DNA was isolated from a defined number of cells 763 following the protocol described in (Sambrook & Russell, 2001 , Chapter 6).
765
Cell size measurement 766
Population samples of ancestral and evolved cells were grown in YPG medium up to 767 mid-log phase. The cell density was adjusted to be the same for all the samples 768 (~1x10 7 cells/ml). 20ul of cells were then loaded onto disposable counting chambers and 769 the cell sizes, were measured using a Cellometer M10 (Nexcelom Biosciences), 770 following the manufacturer's protocol. 771 772
